Gene expression profiling using blood samples is a valuable tool for biomarker discovery in clinical studies. Different whole blood RNA collection and processing methods are highly variable and might confound comparisons of results across studies. The main aim of the current study is to compare how blood storage, extraction methodologies, and the blood components themselves may influence gene expression profiling. Whole blood and peripheral blood mononuclear cell (PBMC) samples were collected in triplicate from five healthy donors. Whole blood was collected in RNAgard ® and PAXgene ® Blood RNA Tubes, as well as in collection tubes with anticoagulants such as dipotassium ethylenediaminetetraacetic acid (K 2 EDTA) and Acid Citrate Dextrose Solution A (ACD-A). PBMCs were separated using sodium citrate Cell Preparation Tubes (CPT™), FICOLL™, magnetic separation, and the LeukoLOCK™ methods. After blood collection, the LeukoLOCK™, K 2 EDTA and ACD-A blood tubes were shipped overnight using cold conditions and samples from the rest of the collection were immediately frozen with or without pre-processing. The RNA was isolated from whole blood and PBMCs using a total of 10 different experimental conditions employing several widely utilized RNA isolation methods. The RNA quality was assessed by RNA Integrity Number (RIN), which showed that all PBMC procedures had the highest RIN values when blood was stabilized in TRIzol ® Reagent before RNA extraction. Initial data analysis showed that human blood stored and shipped at 4˚C overnight performed equally well when checked for quality using RNA integrity number when compared to frozen stabilized blood. Comparisons within and across donor/method replicates showed signal-to-noise patterns which were not captured by RIN value alone. Pathway analysis using the top 1000 false discovery rate (FDR) corrected differentially expressed genes (DEGs) showed frozen vs. cold shipping conditions greatly impacted gene expression patterns in whole blood. However, the top 1000 FDR corrected DEGs from PBMCs preserved after frozen vs. cold shipping conditions (LeukoLOCK™ preserved in RNAlater ® ) revealed no significantly affected PLOS ONE | https://doi.pathways. Our results provide novel insight into how RNA isolation, various storage, handling, and processing methodologies can influence RNA quality and apparent gene expression using blood samples. Careful consideration is necessary to avoid bias resulting from downstream processing. Better characterization of the effects of collection method idiosyncrasies will facilitate further research in understanding the effect of gene expression variability in human sample types.
Introduction Human blood and peripheral blood mononuclear cells (PBMCs) are critical biological specimen types collected in clinical trials as well as in basic science research. These specimens have been widely used to determine gene expression signatures that may be associated with disease predictions [1] [2] [3] . Whole blood is a valuable resource that is readily accessible, whereas PBMCs separation from whole blood is labor intensive and requires several methodological steps that must be strictly followed. Each of these blood-derived RNA sources are known to have inherent characteristics that ultimately result in a unique gene expression profile. It is imperative to detect the transcriptomic changes that can be rapidly translated into clinical practice, and are feasible, reproducible, cost-effective, and easy to implement. Accurate analyses are often complicated by changes caused by sample collection, handling, storage, and extraction methodologies [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . As a general principle, blood samples need to be processed for PBMC separation as soon as possible to preserve the in vivo state of the cells. While the standardization of blood sample handling and processing procedures is essential for better comparisons of gene expression results across experiments, very few studies have investigated the influence of sample collection methodology and its impact on whole blood transcriptome analysis. Current literature emphasizes the importance of RNA extraction methods [17, 18] and the same level of standardization and consistency must be applied to the pre-analytical sample collection stage [12, 13, 19] .
Multiple commercial kits [4, 20] are available for whole blood RNA collection and immediate stabilization. These kits use proprietary reagents which lyse blood cells and can stabilize nucleic acids immediately upon collection without the need to extract the blood leukocyte component. The samples derived from whole blood capture RNA profiles of all cell types in whole blood including erythrocytes, leukocytes and platelets, whereas the PBMC samples are largely devoid of granulocytes, platelets, and reticulocytes [21] .
Although a growing number of published works on gene expression analysis have made comparisons of the RNA sources, few of these reports have compared multiple whole blood and PBMC collection methods [22] and previously published data show significant overlaps between whole blood and PBMC gene expression [21, 23] . The expression profile using PBMCs can be variable and is dependent not only on isolation method, but also on the blood storage conditions [8, 24] . Furthermore, disease can have a significant impact on blood cell type proportions in peripheral blood [25, 26] .
Whole blood is considered to be the matrix of choice for its ease of implementation [12] , whereas PBMC separation is labor intensive and can introduce additional handling bias to clinical samples [21] . Therefore, the current study aims to test gene expression patterns for whole blood collected in multiple types of sample collection tubes, either preserved immediately or shipped overnight under refrigeration. PBMC separation was also tested using routine blood per tube, BD Vacutainer™ CPT tubes (BD) with 8 mL of whole blood collected per tube, and Acid Citrate Dextrose Solution A (ACD-A) tubes (BD) (8.5 mL whole blood + 1.5 mL of ACD-A). The RNA was stabilized in PAXgene 1 blood RNA, RNAgard 1 , EDTA, ACD-A, and CPT tubes by slowly inverting the tubes eight times after collection. After stabilization, the RNAgard 1 tubes and the PAXgene 1 blood RNA tubes were immediately frozen, one set of triplicate EDTA tubes was stored at 4˚C, and the remaining tubes received further processing at the AllCells, LLC facility as described.
BD vacutainer™ CPT tube procedure
For the BD Vacutainer™ CPT Tubes, 8 mL of whole blood was collected into the tube containing 1.0 mL of 0.1 M Sodium Citrate Solution (Top Fluid Layer), 3.0 gm of Polyester Gel (Middle Layer), and 2.0 mL of Polysaccharide/Sodium Diatrizoate Solution (FICOLL™ Hypaque™ solution, Bottom Fluid Layer). Immediately following blood collection, the tubes were inverted and centrifuged following manufacture's guidelines to allow for the separation of the blood components. After centrifugation, 3 mL of plasma was removed from the uppermost layer. The PBMC layer was gently suspended in the remaining plasma and transferred into 15-mL conical tubes and washed twice with 5 mL of 1x DPBS (Corning, Inc., Corning, NY, USA) by centrifugation at 300 × g for 10 min. The PBMC cell pellet was resuspended in 0.5 mL of TRIzol 1 Reagent (Invitrogen, Life Technologies, Grand Island, NY, USA) and immediately frozen.
ACD-A tubes and the magnetic bead-based separation method for PBMCs
Immediately following blood collection and tube inversion, the ACD-A tube had 1.5 mL of whole blood removed for the magnetic bead separation method, and the remaining whole blood was saved at 4˚C for future processing. The 1.5 mL aliquot was processed through the EasySep™ Direct Human Total Lymphocyte Isolation Kit (STEMCELL Technologies, Inc. Cambridge, MA, USA) for negative selection, according to the manufacturer's procedure. Briefly, the magnetic beads and an isolation cocktail were added to the whole blood and the sample was incubated on the EasySep TM Magnet and transferred to a new tube. Again, magnetic beads were added and the sample was incubated on the EasySep TM Magnet, and the enriched cell suspension was then placed in a new tube. After isolation, the sample was centrifuged and pelleted, washed with 1x DPBS, resuspended in 0.5 mL of TRIzol 1 Reagent, and immediately frozen.
EDTA tube and the Lymphocyte Separation Medium
One set of the triplicate EDTA blood tubes from each donor was used to isolate PBMCs with Lymphocyte Separation Medium (LSM) (Corning, Inc.), according to the manufacturer's procedure. Briefly, immediately after blood collection and tube inversion, 3 mL of LSM was added to a 15 mL tube and carefully overlaid with 3 mL of whole blood from the EDTA tube and centrifuged 400 x g for 30 min at room temperature. The PBMC interface was carefully removed by pipetting and was washed twice with 5 mL 1x of DPBS with centrifugation at 250 × g for 10 min. PBMC pellets were resuspended in TRIzol 1 Reagent (Invitrogen) and immediately frozen.
EDTA blood tube and LeukoLOCK™ processing
One set of the triplicate EDTA blood tubes from each donor was processed through the Leuko-LOCK™ Total RNA Isolation System (Life Technologies, Grand Island, NY, USA) according the manufacturer's procedure. Briefly, immediately after blood collection and tube inversion, 3 mL of blood was drawn through the LeukoLOCK™ filter, washed with 1xPBS (Life Technologies, Grand Island, NY, USA), saturated with RNAlater 1 (Life Technologies, Grand Island, NY, USA), the inlet ports of the filter were sealed, and the filter was stored at 4˚C.
Shipping and storage conditions
After blood collection and initial processing at the AllCells, LLC facility, the whole blood in RNAgard 1 and PAXgene 1 RNA Blood tubes, and the PBMCs in TRIzol 1 Reagent from the whole blood in the EDTA, ACD-A, and CPT tubes were shipped overnight to our facility on dry ice and stored at-80˚C until extraction. The whole blood collected in the EDTA and the ACD-A tubes and the LeukoLOCK™ filters were shipped at 4˚C for overnight delivery. The whole blood collected in the EDTA and ACD-A tubes was processed immediately for extraction upon arrival, and the RNAlater-stabilized PBMCs collected in the LeukoLOCK™ filter was stored at 4˚C until processing. Due to the samples being collected and shipped on two subsequent days, the sample extractions that were processed immediately upon arrival were performed on two different days. To minimize batch effects, the identical extractions were performed by the same technician on both days. For the samples that arrived frozen or the LeukoLOCK™ filters that were stabilized in RNAlater, we waited until we had the samples from all five donors so that they could all be processed together on the same day by the same technician which caused the samples to be stored for different numbers of days prior to processing.
RNA extraction methods
TRIzol 1 LS extraction of PBMCs. TRIzol 1 LS Reagent RNA extraction was conducted on whole blood from EDTA and ACD-A tubes immediately upon arrival according to the manufacturer's protocol with a few minor modifications during the initial steps. Briefly, the original blood tube was inverted 3-5 times and 1 mL of whole blood was aliquoted into a 15 mL conical tube, 1 mL of nuclease-free water was added, and the sample was inverted. Next, 6 mL of TRIzol 1 LS Reagent was added, the sample was incubated at room temperature for 5 min before chloroform (Sigma-Aldrich, St. Louis, MO, USA) was added, and the sample was inverted and incubated for 3 min at room temperature. This was followed by a 15-minute centrifugation at 12,000 x g at 4˚C. The upper aqueous phase containing the RNA was transferred to a new tube. Isopropanol (Sigma-Aldrich, St. Louis, MO, USA) was added and the sample was incubated for 10 min at room temperature, followed by a 12,000 x g centrifugation at 4˚C for another 10 min. The RNA pellet was washed with 75% ethanol (Sigma-Aldrich) and air dried for 10 min before being resuspended in 30 μL of RNase-free water (Ambion, Thermo-Fischer, Scientific, Inc.).
TRIzol 1 extraction of PBMCs. The PBMCs isolated from the EDTA, CPT, and ACD-A tubes were received and then kept at -80˚C for 1 or 2 days and extracted using TRIzol 1 Reagent according to the manufacturer's procedure for RNA extraction.
TRIzol 1 extraction from LeukoLOCK™ filter. The LeukoLOCK™ filters were stored at 4˚C for 2 or 3 days prior to processing according to the manufacture's protocol. Briefly, the RNALater 1 was removed from the LeukoLOCK™ filter, and the filter was flushed with 3 mL of TRIzol 1 Reagent and the flow-through was collected. For extraction, 1 mL of the collected TRIzol 1 Reagent was then used for PBMC extraction following the manufacturer's procedure for TRIzol 1 extraction of RNA.
PAXgene 1 blood RNA tubes: PAXgene 1 blood miRNA kit. Whole blood collected in PAXgene 1 Blood RNA tubes was stored at -80˚C for 1 to 2 days after being received, and then was thawed and incubated overnight at room temperature to ensure complete lysis of blood cells and maximize the mRNA yield. The PAXgene 1 Blood RNA tubes were handled following our basic laboratory protocol based off of the PreAnalytiX specimen handling and enhanced yield procedures from PAXgene Blood RNA MDx Kit Handbook (08/2016). Samples were processed using the PAXgene 1 Blood miRNA Kit (PreAnalytix, Inc., Qiagen, Germantown, MD, USA) following the manufacturer's automated QIAcube (Qiagen, Germantown, MD, USA) protocol. Briefly, the PAXgene 1 Blood RNA tubes were centrifuged for 10 min at 3500 x g. The supernatant was discarded and the pellet was washed with RNase-free water, the tube was vortexed to thoroughly to resuspend the pellet, followed by another centrifugation for 10 min at 3500 x g. The supernatant was discarded and the pellet was resuspended in 350 μL of Buffer BM1 (Qiagen, Germantown, MD, USA). The sample was vortexed until the pellet was visibly dissolved, and the sample was transferred into a 2 mL processing tube and loaded into the QIAcube (Qiagen, Germantown, MD, USA) along with the other required reagents per manufacturer's instructions. Briefly, the automated RNA purification protocol consists of 2 parts, "PAXgene Blood miRNA Part A" in which the QIAcube performs the steps of the protocol through to elution of RNA, and "PAXgene Blood miRNA Part B" where heat denaturation of samples at 65˚C is performed by the QIAcube.
ACK Lysing Buffer/ miRNeasy protocol. RNA was extracted from 2 mL of whole blood from EDTA blood tubes and from 6 mL of whole blood from ACD-A blood tubes using ACK Lysing Buffer (Lonza, Inc., Walkersville, MD, USA) followed by the miRNeasy Mini Kit (Qiagen, Germantown, MD, USA). The original whole blood tubes were stored and shipped at 4˚C after blood collection, and immediately processed upon being received by inverting 3-5 times and the whole blood aliquot was spun down at 400 x g for 10 min at 4˚C. The supernatant was discarded and an equivalent volume of ACK Lysing Buffer was added to the remaining pellet, which was gently resuspended by swirling the tube for 30-60 seconds. The pellet was washed twice using 1x PBS (Lonza, Inc., Basel, Switzerland) by centrifuging at 400 x g for 10 min at 4˚C. The pellet then underwent procedures specified by the miRNeasy Mini Kit protocol. Briefly, the pellet was lysed with QIAzol 1 Lysing Reagent (Qiagen, Germantown, MD, USA) and phase separation was then induced by centrifuging the samples with chloroform. The aqueous phase was removed, ethanol was added, and the sample was placed in the RNeasy Mini column. Columns were centrifuged with Buffer RWT and Buffer RPE to purify the RNA, which was then eluted in 50 μL of Nuclease-free water.
RNAgard 1 blood tubes: BioMaxi™ precipitation/ PAXgene 1 blood miRNA protocol. The RNAgard 1 tubes were stored at -80˚C for 1 to 2 days after being received, and then thawed and incubated overnight at room temperature. The tube was inverted 3-5 times, and 1.33 mL of BioMaxi™ Precipitation Buffer (Biomatrica, CA, USA) was added to a 4 mL aliquot of the RNAgard 1 whole blood. The sample was mixed vigorously, incubated at room temperature for 15 min, centrifuged at 4,500 x g for 30 min at room temperature in a swinging bucket rotor, and the supernatant was discarded. The pellet was then resuspended in 350 μL of Buffer BM1 (Qiagen, Germantown, MD, USA), and processed in the QIAcube (Qiagen, Germantown, MD, USA) according to the procedure for PAXgene 1 Blood miRNA.
RNA quality and quantification
Following isolation, the RNA concentration was measured using a NanoDrop ND-2000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The quality of the RNA was evaluated on a TapeStation System (Agilent Technologies, Inc., Santa Clara, CA, USA) to get the RIN value.
Gene expression array
The microarray was carried out on Agilent Technologies Human Gene Expression Arrays (039494) using a Quick Amp Low Input Labeling kit and Agilent RNA Spike-In Two-Color kit following the Two-Color Microarray-based Gene Expression Protocol by Agilent Technologies. Briefly, experimental RNA (200 ng) was labeled with Cy-5 dye and co-hybridized with Cy-3 dye labeled human reference RNA (Human Universal Reference RNA, Agilent). Samples were fragmented and hybridized at 65˚C for 17 hours and were subsequently washed according to the Agilent Gene Expression Hybridization protocol. Slides were scanned on the SureScan Microarray Agilent Scanner System. Feature Extraction software (version 12.0.3.1) provided the extracted features for data analysis.
Data analysis
Chips were read with Agilent Feature Extraction software and all subsequent analysis was performed using custom R scripts. Microarray data was analyzed using limma package in the R programming language [28] . Agilent feature extraction files were read using the recommended agilent.median option of the limma "read.maimages" function. The resulting median intensity values for the red and green channels were then normalized using the within array "loess" method in which locally weighted regression was applied to align the two color channels. The output of this step is a normalized probe intensities (A values) and a log2 ratio of normalized red to green channel intensities (M values). Next, the resulting M values were between array normalized using the"quantile" option of the limma normalize BetweenArrays function. This brings the array to array distributions of M values into close alignment. Duplicate probe M values were then averaged to create a single normalized intensity log2 ratio value for each distinct probe on the arrays. Determination of significant probe differences between arrays was made using the lmFit function of limma in which a probe-wise linear model is fit to generate regression coefficients and associated empirical Bayes moderated t-statistics and p-values. Benjamini and Hochberg false discovery rate correction (FDR) was used to control for type 1 family-wise error rate. Differentially expressed genes (DEGs) were designated as those having probes with FDR corrected p-values 0.05 unless otherwise noted. Other common normalization methods were investigated and their use did not change the general findings. Likewise, enforcing a 50% probe variance cutoff filter to highlight technical variation produced very similar results. Manhattan distances were calculated and were plotted using Sammon plot analysis [29] . Pathway analysis was carried out using Ingenuity Pathway Analysis (IPA) (Qiagen, Germantown, MD USA, Inc.). The data from this study was also submitted to GEO with # GSE113395.
Network analysis
The Top 1000 DEGs (based on the p values) obtained from comparing whole blood at cold vs the frozen conditions were uploaded into Ingenuity Pathway Analysis software (Ingenuity Systems, Redwood City, CA) and mapped to the functional networks available in the Ingenuity Pathway Knowledge Base. The expression analysis using IPA was done using default settings and stringent filter for tissues and primary cells settings. The top physiological system and biofunctions of the core analysis was conducted using the default settings for our dataset. P-values were corrected for multiple testing using the Benjamini-Hochberg (B-H) false discovery rate determining the association between the genes in the dataset and the biofunctions these are associated.
Results and discussion

Collection tubes to determine gene expression changes
The objective of this study was to investigate how blood storage, extraction methodologies, and the blood component itself may influence what genes appear to be expressed in downstream applications. To determine the gene expression signatures, whole blood was collected in triplicate from five healthy volunteers and analyzed (Fig 1) . The whole blood was collected in commonly used anticoagulant tubes such as K 2 EDTA and ACD-A as it has been previously shown that platelet counts in citrated blood samples like those collected in the ACD-A tubes are lower than those in EDTA samples [30] . The PAXgene 1 RNA and RNAgard 1 blood tubes integrate the key steps of whole blood collection and intracellular RNA stabilization and have been referred to as the standard collection methods for RNA-based studies [31] . We used standard procedures for PBMCs separation, such as FICOLL™, CPT tubes, magnetic separation, and the LeukoLOCK™ method. The FICOLL™ method uses density differences between mononuclear cells and other elements in blood fluid, whereas CPT tubes simplifies this procedure using a blood collection tube containing a citrate anticoagulant with a FICOLL™ density fluid and a polyester gel barrier. CPT and FICOLL™ PBMC isolation protocols have the same ability to purify high quality immune cell subpopulations as indicated by no difference in the gene expression profiles between the immune cells obtained by these two methods [7] . The magnetic separation procedure facilitates 99.9% red blood cell (RBC) depletion without the need for density gradient centrifugation, making it more time efficient. Isolated PBMCs must be preserved immediately for future RNA extraction. LeukoLOCK™ is a filter-based method that retains leukocytes on top of the filter and depletes erythrocytes. Once the leukocytes are lysed on the filter, they can be preserved at room temperature or 4˚C and can be used as the method of choice in non-clinical setting [32] . All the RNA extractions were done using routine procedures and since it is reported that lysis reagents may produce artifacts when used to isolate leukocytes [33] , we performed the RNA extraction from whole blood with and without RBC lysis. After extractions were completed, the samples were quantified using spectrophotometry, and quality assessed using the RNA integrity number (RIN) value on the Agilent TapeStation.
RNA quality and quantity
The RNA quantity per milliliter of blood (Table 1 ) was calculated and RNA isolated from RNAgard 1 Blood Tubes was higher (mean with standard deviation 3.7 μg ±1.5) than PAXgene 1 Blood Tubes (1.7 μg ± 0.44). The whole blood without RBC lysis had a much higher RNA concentration from EDTA (18.35 μg ± 10.17) as well as ACD-A tubes (31.07 μg ±20.98) when compared to RBC lysis using ACK Lysing Buffer from EDTA (0.86 μg ± 0.89) and ACD tubes (0.24 μg ± 0.18). Comparable results were obtained using PBMC extraction methods where FICOLL™ separation methods yielded highest quantity of RNA (5.9 μg ± 2.2) followed by CPT tubes (2.4 μg ± 1.6) and magnetic separation (2.3 μg ± 0.80), and lowest RNA yield using LeukoLOCK™ filtration device (1.1 μg ± 0.79). It has been observed that PAXgene 1 RNA and Tempus Blood RNA tubes produce high quality RNA with sufficient yield [20] and a consistent expression profile [34] . We did not include Tempus Blood RNA tubes in our study but observed that all methods tested yielded sufficient material for subsequent assays. Leuko-LOCK™ has shown lowest yield but high RNA integrity along with low DNA contamination when tested previously [18] . Also, LeukoLOCK™ sample preparation produced the best quality and yield of RNA when TRIzol 1 Reagent with lysis buffer and Tempus Blood RNA tubes were used with equine blood [17] . Additionally, it has been reported that blood samples frozen in TRIzol 1 Reagent after RBC removal effectively preserved RNA quality and that extractions with TRIzol 1 Reagent yielded significantly better RNA integrity than extractions without TRIzol 1 Reagent [35] .
The RNA quality was assessed by RIN value (Table 1 ) and we found that all PBMC procedures, whether stored cold or stabilized in TRIzol 1 Reagent, had the highest RIN values with a mean of at least 8.2 ± 0.37 standard deviation. For whole blood extractions, the RNA extracted from the PAXgene 1 Blood RNA tubes had the highest RIN values (8.2 ± 0.36), with the second highest being whole blood processed using ACK Lysing Buffer (7.6 ± 1.65, EDTA and 7.8 ± 1.27, ACD-A tubes). Table 2 shows the relative signal-to-noise (S/N) ratio averaged for technical repeats within and across individual expression correlations using the different collection systems. We observed that comparisons within and across donor/method replicates showed S/N patterns which were not captured by RIN value alone. The PBMC methods have high RIN values but have low correlation ratios as well as distance ratios. Initial data analysis showed that human blood stored at 4˚C overnight performed equally well when compared to frozen stabilized blood based on correlation ratios as well as distance ratios.
Gene expression data
We observed gene expression patterns and Fig 2 shows raw, as well as within-array normalized mRNA expression levels across five different individuals using all different collection methods. Table 1 . General statistics for RNA concentration (in micrograms) and RNA integrity number (RIN) data per mL of blood. The sample collection tube followed by RNA extraction procedure is listed in the rows. The PBMC separation procedure is also referred as PBMC prep. CV refers to coefficient of variation and SD refers to standard deviation and μg refers to microgram.
Sample
Whole Blood PBMC The patterns of expression fold values appear mostly consistent across all the collection methods. We observed that PBMC samples differed qualitatively from the whole blood based collection methods and technical repeat samples from individuals tended to cluster together; overall, the profile differences observed between methods were relatively greater than the differences between individual subjects within the methods used. The most variable genes analysis (Fig 3) for gene expression profile of these samples using the top 50% variable genes in the dataset (25370 probes) showed a clear distinction between whole blood and PBMC samples, resulting in clusters with distinct separation of these groups. We observed that the majority of whole blood samples (EDTA as well as ACD-A tubes) when processed using ACK Lysing Buffer were grouped next to the PBMC clusters. The ACK Lysing Buffer is used to lyse erythrocytes in whole blood samples and is not known to have any impact on RNA extraction procedures [36] . Erythrocytes burst rapidly in the presence of a hypotonic buffer and thus allow fast removal of erythrocytes without affecting the stability of the leukocytes. Based on these clusters, there seems to be leukocyte selection happening for these samples leading to their clustering along with PBMC samples. In general, the complete list of all the genes with their variance score (R var function) is shown in S1 Table. The PCA generated was created by using the top 50% of variable genes (Fig 3) . We did not observe any samples from the same individual grouping together, indicating the strong effects of the sample processing pipeline on the gene expression profile. We further observed a clear separation between the PBMC extraction procedures and found that magnetic separation is a distinct subgroup. The PBMC extraction procedure using CPT tubes had a good overlap with PBMCs processed using the FICOLL™ procedure. It has been previously shown that PBMC isolation methods for CPT tubes and density gradient methods did not impact the gene expression profile of the cells [7] . Fig 3 shows that the LeukoLOCK™ PBMC procedure samples grouped together and closer to the whole blood gene expression procedures. In the whole blood procedures, samples processed using ACK Lysing Buffer were clustered closer to the PBMC procedures, which relates to the RNA extraction from lymphocytes after erythrocytes depletion ( Fig  3) . The RNAgard 1 and PAXgene 1 RNA preserved samples are clustered more closely on the PCA graph.
Effect of shipping temperature on the gene expression pattern in whole blood and PBMCs
It is important that the PBMC samples are processed and preserved immediately to obtain the best gene expression data. In our study, the PBMCs were isolated immediately and frozen or stabilized without freezing using the commercially available LeukoLOCK™ method by capturing the total leukocyte population and eliminating red blood cells, platelets, and plasma. The RNA was stabilized using RNAlater 1 solution, which can be maintained for several days at room temperature. We preserved LeukoLOCK™ samples in cold conditions after receiving the shipment on ice. The data analysis of these frozen to cold shipped groups of PBMCs showed 20962 (FDR corrected at p-value < 0.05) DEGs that were differentially expressed between cold and cryopreserved samples. Of these 20,962 probes, 8,459 were downregulated in cryopreserved samples and 12,503 were upregulated in cold storage samples. The transcripts with increased signal intensity exhibited a maximal log2 fold change of 2.99 and the transcripts with decreased signal intensities exhibited log fold changes up to -4.8. A Sammon plot using the Manhattan distance (Fig 4) for all probes showed distinct patterns for LeukoLOCK™ samples as shown by red colored samples. The figure also shows that magnetic separation followed by cryopreservation results in a slightly different grouping than FICOLL™ and CPT tube sample preparation.
The whole blood analysis used cryopreserved PAXgene 1 Blood RNA and RNAgard 1 samples. These products use proprietary reagents to stabilize RNA, ensuring the gene expression profiles are preserved from the moment of sampling. However, using these tubes can increase the sample processing cost, and it may not always be possible to ship and process 
Two dimensional Sammon projection using the top 50% of most variable transcripts (25370) for whole blood (red) and PBMC (black).
There is a clear distinction in clusters for PBMCs and whole blood sample processing as marked by a black tilted line. All whole blood samples are shown on left side and PBMC samples are on the right side of the plot. The (F) and (C) denotes the frozen and cold conditions for the sample collection and storage. The description of all the legends is given here. PBMCs samples: ACD_Magnetic-blood collected in ACD-A tubes and separated using magnetic method followed by extraction using TRIzol 1 method. CPT-blood collected in CPT tubes and PBMCs separation using manufacturer recommendations followed by extraction using TRIzol 1 method. EDTA_LSM-blood collected in EDTA tube and PBMC separation using LSM followed by extraction using TRIzol 1 method. EDTA_Leukolock-blood collected in EDTA tube, PBMCs separated using LeukoLOCK™ method followed by extraction using TRIzol 1 method. Whole blood samples: ACD-blood collected in ACD-A tube followed by RNA extraction using TRIzol 1 LS method. ACD_RBC lysis-blood collected in ACD-A tube followed by RBC lysis using ACK buffer and RNA extraction using miRNAeasy extraction kit. EDTA_RBC lysis -blood collected in EDTA tube followed by RBC lysis using ACK buffer and RNA extraction using miRNAeasy extraction kit. EDTA-blood collected in EDTA tube followed by RNA extraction using TRIzol 1 LS method. PAXgene-blood collected in PAXgene 1 tube followed by RNA extraction using PAXgene 1 blood miRNA kit. RNAgard-blood collected in RNAgard 1 tube followed by RNA extraction using Biomaxi™ Precip Buffer and PAXgene 1 Blood miRNA kit.
https://doi.org/10.1371/journal.pone.0225137.g003 cryopreserved samples overnight. Considering this situation, we also studied gene expression profiling of blood collected in either EDTA or ACD-A tubes followed by extraction with and without RBC lysis. We do consider that viability, processing time, and additional unknown issues may affect gene expression. The analysis of cold to cryopreserved groups of blood samples showed 15,271 (FDR corrected at p value <0.05) and 10,766 (FDR corrected at p value < 0.01) probes were differentially expressed between cold and cryopreserved samples. Of these 15,271 probes, 6,947 were downregulated in cryopreserved samples and 8,324 were upregulated in cold storage samples. The transcripts with increased signal intensities exhibited a maximal log2 fold change of 2.12 and transcripts with decreased signal intensities exhibited log2 fold changes up to -5.39. Manhattan distance analysis showed two distinct groups where majority of the cryopreserved samples were distinctly in one cluster separated from the other methods by a black bar in Fig 5. We looked at DEGs (FDR � .05) across cryopreserved or cold whole blood and PBMC samples. Of all the probes affected by preservation temperature in PBMCs and whole blood, 8,630 were shared between the whole blood and PBMCs ( Fig 6A) whereas 6,641 were unique to cold vs. frozen whole blood and 12,332 were unique to cold vs. frozen PBMC.
Effect of storage temperature on the pathway analysis in blood and PBMCs
To elucidate if cryopreservation influenced biological processes, the DEG list was filtered by selecting the top 1000 FDR corrected p-values in PBMCs as well as whole blood and analyzed using IPA (S2 Table) . The PBMC samples showed no canonical and no biofunctions significantly affected by this filtered gene list after multi-test correction. There were 33 DEGs common to both groups (Fig 6B) .
The DEGs from the whole blood samples were enriched for multiple biofunctions after multi-test correction (Benjamini-Hochberg method). The top biological function was hematological system development and function, which had 127 functions (Table 3 ) in this group, of which 97 were significant at p-value <0.05. The most significantly enriched biofunctions are the quantity of different cell types, cells accumulation, cell movement, cell activation, cell recruitment, etc.
It is normally recommended that hematological analysis needs be performed immediately after sample collection or at the most within 24 hours [37] . Gene expression of some selected genes also seemed to be influenced by transport and storage of blood samples at 4˚C without any stabilizing solution [38] . It has been shown that storage temperature affected RBC aggregation and storage at cold conditions lead to stable aggregation for 12 hours [39] . In our study, we observed that storing and shipping human blood samples cold overnight definitely had an impact on the hematological system, as demonstrated by the DEGs for cold vs. cryopreserved whole blood and PBMC samples. Additionally, storage temperature effects the quality of downstream processing, and recently it has been shown that storage at room temperature for less than 24 hours was critical for high-quality RNA samples for next generation sequencing, whereas microarrays were still of acceptable quality after less than 32 hours of storage at room temperature [40] . Also, an earlier study reported that high temperature affects the phagocytic activity and viability of human blood mononuclear cells [41] . However, storage at low (Table 4 ) were related to lymphoid tissue structure and development, tissue morphology, cellular function and maintenance, and cell death and survival. For each of these categories, the number of molecules as well as the numbers of biofunctions affected are shown in Table 4 . On further examination, we found that the top 5 significant biofunctions are concentrated into the functional categories of quantity of lymphocytes, leukocytes, blood cells, mononuclear cells and lymphatic system cells (Fig 7) . In this study, we observed that the storage temperature of samples could confound interpretation of RNA transcript analysis and underscores its importance while planning an experiment. Blood collection methods and gene expression analysis 
Conclusions
Blood cells are suitable for gene expression analysis but methods of collection, storage, and extraction may affect transcription profiles. Here, we studied each of these factors and expanded our knowledge regarding the variation in gene expression from blood samples collected from healthy participants. Our results provide new insights into RNA isolation from blood as well as from PBMC samples, revealed how the choice of storage, handling, and extraction methodologies influences RNA isolation quality and apparent gene expression, and how careful consideration is necessary to avoid bias resulting from downstream processing. Better characterization of the effects of collection method idiosyncrasies will facilitate further research into understanding the effect of gene expression on variability in human sample types. These results point out the need for a strict standardization of handling the blood specimen with regards to peripheral blood sample processing time between phlebotomy and RNA isolation.
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